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The use of a novel winged sabot concept was found to show promise for providing
such controllable sabot discard maneuvers.
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SUMMARY

An engineering analysis procedure which describes the sabot

discard process for gun-launched projectiles has been employed to

perform a sabot design optimization study. This analysis tool
models the complex interaction flow field which develops about
the projectile/sabot package by use of local shock/expansion procedures.

Sabot design optimization was achieved based upon a figure of meritrelated to the pitching moment produced on the projectile during

the removal process. A second constraint was also imposed to

preclude sabot contact with the projectile stabilizing fins during
the discard. It was found that the front scoop/bore-rider size

and axial location must be selected to provide an initial lateral

motion with small rotation. This minimizes dispersive moments

due to mechanical contact and helps provide fin clearance. This
initial lateral motion phase must be followed by rapid pitch-up

and deceleration in order to minimize the duration of the interaction

process. The use of a novel winged sabot concept was found to

show promise for providing such controllable sabot discard

maneuvers.
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LIST OF SYMBOLS

Im The absolute value of the perturbing pitching moment impulsi

rnproduced by a sabot segment

M Mach number

SMpa Pitching moment on the projectile due to
sabot/projectile aerodynamic interaction

M Pitching moment on the projectile due to
pm sabot/projectile mechanical interaction

P Pressure

t Time duration of th, sabot/projectile interaction
0

0C Sabot pitch angle

R Nose radius

Reff Effective nose radius

XC.G., YC.G. Sabot. center of gravity coordinates with respect to a frame
of reference fixed on projectile

TL' YTL Sabot trailing edge coordinates with respect to
a frame of reference fixed on projectile

Yst Stagnati.'n location

Subscripts

Free stream condition

1 ~Background level on sabot underside

2 Value downstream of shock wave

NS static value downstream of normal shock wave

t Stagnation value downstream of normal shoc:k wave
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1.0 INTRODUCTION

The trajectory of a gun-launched projectile can be adversely

affected by disturbances in the vicinity of the muzzle. In

particular, projectiles launched with the aid of a sabot can be
subjected to asymmetric forces and moments associated with

the sabot discard process which could be significant contributors

to dispersion. Recently, an engineering analysis was developed

which describes sabot discard dynamics and the resultant loadings

on the projectile, in order to provide a tool for assessing the

influence of sabot, projectile and launch parameters upon pro-

jectile disturbances imparted in the vicinity of the muzzle.

Aerodynamic interaction was found to be the key element of

the overall system representation, as the sabot separation process

was initially dominated by interactive aerodynamic effects. In

order to better understand the nature of this internrtinn fl'w

field, which develops when the projectile and sabot petal are in

close proximity. BRL subsequently conducted a detailed wind tunnel

test program at the NASA Langley test facility.(2-3) The experi-
mental data indicated that individual compression wave inter-

sections and reflections were clearly present within the annular
flow passage. Based up6o these findings an integrated flow element

approach utilizing local shock/expansion procedurns was developed

and incorporated into the sabot discard dynamic motion code.(4-5)

Comparisons between both measured wind tunnel pressure distributions

and motions from actual firings of discarding sabot ammunition

showed reasonable agreement with predictions from the shock/expansion

* "theory code.

In the present work. this available treatment has been suit-

ably extended and utilized to perform a sabot design optimization

study aimed at defining sabot conf~gurations which produce minimum
dispersive pitching moments upon the projectile during the discard

process. Design practices resulting in optimal sabot configurations

have also been identified as outgrowth of this activity.

4.



2.0 ANALYTIC MODEL

The dynamic motion model utilizes an inertial coordinate

system fixed at the projectile mass center. Sabot angular

* orientations and translations are measured using body fixed axes

with origins at the sabot petal mass centers. Twelve degrees

of freedom are allowed for each of the four sabot segments

considered. In-bore effects such as spin, elastic decompression

and tip-off can be included by specification of appropriate initial

motion rates. Mechanical interaction is treated using a large

stiffness elastic body model with equal and opposite radial

reaction forces applied to both the sabot segment and projectile.

Details are provided in Refere.,ce 1.
Details of the interaction flow field model are given in

References 4 - 5. Figure 1A presents a summary overview which

highlights essentially all of the local flow elements previously
used to describe the overall surface pressure/aerodynamic force

!behavior. The key features involve impingement of the sabot bow

;hock upon the projectile surface resulting in a shock-reflection
process with attendant upstream boundary layer separation. The
reflected shock then impinges upon the sabot petal underside creat-

ing another separated zone of elevated pressure. Finally. under

certain conditions of (high) sabot petal incidence and small

sabot trailing edge displacement. an outlet region throttling

process is present. Based on the experimental data. axial pressure
variations on the sabot Segment lateral edges are taken equal to

the sabot underside distribution.*

The previous flow model treateu configurations having a

Vk -olatively simple conical scoop geometry. In order to adequately
Srent the more complicated ramp/bore-rider configurations of current

,ractical concern, it was necessary to extend the flow element

model as shown in Figure 11. The basic features of the up-dated

i9 model are summarized below.

ON-te that the present flow models are only strictly applicable
to symnetric discards.

-2-
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S•=L .. -- , ________,__ _____ _ ,, , - __ __ __ . . .. . . . ...

* (1) Geometry - Three linear segments are n.w used to represent

the front scoop/bore-rider geometric configuration.

(2) Aerodynamic Model - The separation bubble of the scoop

bore-rider configuration is modeled as an equivalent flat face

obstacle. The work of Katzen and Kaatari (6) is used to position
the "stagnation point" at incidence:*

2
SYST A= 3.030 -2.7760( +.7770 (1)

A comparison of this equation with the experimental data of Reference 6
(6)is shown in Figure 2A. This work, along with the higher Mach

number information of Bolson and Curtiss, was used to construct

the pressure distributior on the scoop vertical surfaces. A

sample angle of attack pressure distribution is shown in Figure 2B

for a flight Mach number of 2.4 and an angle of attack of 200.

Two subcases were considered in order to complete the scoop/(7)
bore-rider flow model. For case one the shock layer thickness

in front of tb flat obstacle is sufficient to contain the entire

lower ramp proje:tion. In this case the sabot thickness is used

to characterize the shock wave length scale, as described in the

previous work.(4) In case two the lower ramp projection extends

forward of the scoop shock layer, as illustrated in Figure lB.
In this case the underside sabot bow shock length scale is

characterized by the hydraulic radius of the forward ramp lip.

This procedure was verified by comparison to available sabot dis-

card photographs such as those shown in Figure 3A. As will be

discussed in Section 4.4, configurations providing such a ramp

extension are preferred because the sabot underside bow shock

will attenuate quickly and provide less interactive aerodynamic

force on the projectile.

* •Also, in case two an additional separation zone on the

* •upper surface of the forward ramp extension is considered
(see Figure 1B). The separation pressure in this zone is computed

exactly as (and is equal to) that on the sabot underside.(4-51

* Note S is measured in radians in this expression.1#:

- - "•'•5
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i7

That is, the background pressures and Mach numbers on both the

upper surface of the ramp extension and the sabot underside

are computed by a Prandtl Meyer expansion from the tip edge sonic

* point through a turn angle equal to the maximum deflection angle

for an attached shock configuration. This turn angle is about 400

"' * for a Mach 4.5 flow. This procedure was developed by use of the

downstream sidewall surface pressure data given in Reference 7.

Separation zone pressures were then computed using the turbulent

separation data(8) previously discussed.(4-5)

One additional feature of the forward scoop model up-date

needs mention. The previous work(4-5) located the sabot underside

pressure rise region by use of a simple geometric procedure. It

was noted that a more rigorous procedure would require use of the

estimated sabot bow shock shape. This more rigorous method has

now been incorporated into the flow field description procedure.

(3) Winglet Force Model - Aft mounted sabot winglets can be

provided by extension of the sabot segment lateral edges. This

is made possible by the radial taper present in double ramp

sabot designs aft of the obturator ring. The pressures on such

extended lateral surfaces were once again taken equal to the sabot

underside pressures, based on the experimental data of References 2-3.

As with all other sabot surfaces, Newtonian pressures are used

whenever they exceed those predicted from the interaction model.( 4 5

(4) Pivot Rings - Pivot rings are circumferential bands placed

around the projectile which butt up against the rear end of the

sabot petals and prevent axial motion. They are intended to keep

the sabot segments from impacting upon the projectile fins during

discard. The presence of such pivot rings was treated using the

-•vailable elastic body model. A horizontal mechanical force was

applied to both the sabot segment and projectile (in the opposite

direction, of course) until the sabot trailing edge lifts clear of

the pivot ring height.

-8-



- ]3.0 MODEL VALIDATION

Prior to conducting the sabot design optimization studies,

it was clearly necessary to perform validation calculations to

verify that the up-dated engineering model was sufficiently

accurate to provide worthwhile design guidelines. Test data taken

"from actual firings of the 120 mm XM829 short wheel base design(9)
(with pivot rings present) were used for this purpose. Figure 3

presents a comparison of analytical results with measured data.
Photographs of the actual discard are shown in Figure 3A which

* compare extremely well with the predicted discard trajectories

shown in Figure 3B. It was found in performing this comparison

that corrections were required in order to achieve complete agree-

ment between medsured and code predicted axial locations of the

sabot trailing edge. This problem arose because the code neglects

projectile slowdown. It was found, however, that due to the

presence of the pivot ring a force of about 1800 lbs. is transmitted

to the projectile, resulting in a slowdown of about 43 ft/sec.

This translated into an axial position shift of about 0.5 inch
with regard to the sabot trailing edge. Furthermore, such findings

also indicate that pivot rings should be avoided wherever possible

in order to achieve optimum performance.

* ,
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IFi . 111 120 MM XM829 s. oRT WIHEEl. BASE SABOT 1) 1 SCARD ilRi;H) ICT IONS
I ......... ................ ..........

4 PI TCII I N(C ANGLEI,, (IDEC.); SABOT TAIl, 1,OCATI.ON (FT.

I .-- - - - - . - - - ..........- - - - - -- -

(FT) COMPUTED X-RAY COMPUTED X-RAY

"YTL T XTL YTL

* I------------------------- --...... L..----.................
14. 0 4.50 5.50 0.0044 0.0411 ....

29.0 25.30 25.0° 0.067 0.1411 0.051 0.128

34.0 35.80 33°0 0.131 0.2067 0,120 0.2034

X VALUES SHOWN IN FIGURE HAVE NOT BEEN CORRECTED FOR PROJECTILE SLOWDOWN

I

0.0

Z • 0 0 -•''•-•'• .• PIVOT RING HIGEIIHT

-0.2 -0.4 -0.6 0.00725 FT.

PROJECTILE SURFACE X (FT.)
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4.0 OPTIMIZATION

As noted previously, the preserit interaction flow model is

strictly applicable only to symmetric discard situations.

Furthermore, the model does not contain any procedure for evaluating

interactions produced on the projectile stabilizing fins as the

sabot segments sweep by. (That is, the projectile is presently

. .modelled as a rod.) In order to use the existing tool in the design

optimization mode, it was therefore necessary to define an applicable

figure of merit for use in ranking the relative performance of

various candidate configurations. The absolute value of the

perturbing pitching moment impulse produced by a single sabot

segment upon the projectile was selected as the most pertinent

currently available parameter:

t

Im J MpJ dt (2)

where

IMpj = IMpal + IMpmI (3)

and M is the moment on the projectile due to aerodynamic inter-SaPa

ictions, M is the momentum on the projectile due to mechanical

interactions and to is the time duration of the interaction process

(i.e. until the sabot bow shock is swept past the projectile

trailing edge. The abosolute values of the separate aerodynamic

and mechanical pitching moment components have been used to rep-

resent Im as the total possible perturbing impulsive "potential,,

per sabot segment. Actual perturbing pitching moments arise during

Jiscard due to sabot petal to sabot petal motion asymmetries

which produce incremental aerodynamic and/or mechanical forces

on the projectile surface. Optimum designs are identified herein as

those having minimum values of Im while simultaneously providing

.-,abot segment trailing edge trajectories which do not penetrate

.ough the projectile stabilizing fin exclusion zone.*

4ote that trailing edge trajectories with pivot rings are conservativeiince projectile slowdown is neglected.

12-
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* 4.1 COMPARATIVE PERFORMANCE OF" 120 MM XM829 DESIGNS

Table 1 presents comparative performance results for short(9)

and long wheel base 120 mm XM829 sabot designs. Cases both
with and without pivot rings have been computed. In addition,
to these standard three segment designs, a four segment version

of the short wheel base design was also considered. Figure 4

presents the corresponding sabot trailing edge trajectories
(uncorrected for possible projectile slow down). The following

features are noted.

* Without the presence of pivot rings, all designs would suffer
from unacceptibly high projectile fin impact probabilities. With
the pivot rings present, the long wheel base design rotates more

quickly into a high drag configuration which decelerates more
rapidly off of the projectile (note lower Z 's and I 's of longSo m
vis-a-vis short wheel base designs). However, the mechanical inter-
action component is noticed to significantly increase (by about

50%) for the long wheel base design compared to the short wheel

base design (both with pivot rings). This means that any tendency
toward pivot ring mechanical failure will be more of an issue for
"the long wheel base configuration. Encountering substantially
larger mechanical forces while achieving only a small reduction in
overall perturbing pitch impulse potential may not be a worthwhile

design approach.

The "best" design of those considered is the four segment short
wheel with pivot ring.* This design provides minimum values of I
and flies clear of the fin exclusion zone. The primary reason for
the improved performance of the four segment design is not immediately
obvious since both total force (for constant pressure) and sabot

mass scale linearly with surface area (i.e.: span). However, care-
ful inspection of the detailed pressures and resultant dynamic

motions indicated that more rapid rotation and hence deceleration
occurred because the pressures acting on the spanwise outboard

*Note that the per segment Im ratio is 0.69 for the 4 segment versus
the 3 segment short wheeel base design with pivot rings. A ratio of
0.75 would be expected for entirely "equivalent" behaviors (based on
subtend area) and this is indeed the case for the mechanical moment
contributions. Also, the lower per segment value of peiturbing pitch
impulse potential implies less dispersive mution production during
actual asymmetric discards.

-13-
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portions of the four segment sabot scoop upper surface (bore rider)

produce larger force components in the pitch plane. This can

be visualized by drawing frontal view sketches of the two situa-

tions. The more rapid rotation also produces somewhat earlier

exit region throttling which results in some additional benefit

with regard to lift production.

4.2 DESIGN OPTIMIZATION FOR ALTERNATE 120MM XM829 CONCEPT

An alternate 120MM XM829 concept( 1 1 ) was also studied.

This design was configured to shift the sabot segment center of

gravity (pivot axis) further aft toward the trailing edge in order

to reduce the magnitude of induced mechanical reaction forces
* generated on the projectile and pivot ring. Comparison of

Tables 1 and 2A (for nominal D-0.16 design) shows that the mass of
this design is about the same as that of the previous short wheel

base concept, but that pitch moment of inertia is somewhat

increased while the moment arm from the trailing edge (!)-is

reduced. Both the length and position of the bore rider

4ere varied as shown in Table 2A. Corresponding performance

results both with and without pivot rings are shown in Table 2B

while Figure 5 presents the sabot segment trailing edge tra-

jectories. Based on these results, we conclude that the MD-0.16 de-

sign (lengthened bore rider) is "best" because it produced the

lowest levels of pitching moment impulse potential and also stays
sufficiently clear of the slender fin(12) exclusion zone to be used

without d pivot ring. For the larger fins (taken from Fig. 3A).

* minimum sabot trailing edge miss distances in the fin root zone
are so small ( 0.02 ft.) that oxperimental confirmation would be

ceded to resolve the pivot/no pivot issue.

Examining details of these calculations. it was found that

the MD-0.16 design liftod free sooner than other designs and then

rotated more rapidly into a high drag attitude. This is evidenced

both by the Larger values of Yc9 for tD-0,16 at early times (i.e.:

z =10 ft.) and tha lower duration for the ND-0.16

,eraction process show in Table 2R.

|I One other feature of these results (and those given previously

rable 1) which requires further discussion is the relative

-16-
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magnitude of moments computed with and without the pivot rings

present. As shown in Figures 4 and 5, the primary difficulty

associated with deletion of the pivot ring is the tendency to

* jpromote high probability of sabot petal impact on the projectile

stabilizing fins. However, for many designs we see the interesting

feature that the total pitch moment impu.1se with a pivot ring present

is smaller than without a pivot ring, even though the mechanical

interaction moment contributions are larger with the pivots

present. This is true for both the three and four segment short

wheel base designs given in Table 1 and for designs D-0.08,

D-0.16 and MD-0.16 given in Table 2B. This behavior can be traced

* to the aerodynamic interaction moments late in the removal process

(i.e.: note that for designs D-0.08 and D-0.16 results for Im at

Z 20 ft. are essentially equal for pivot/no pivot cases and that

mechanical interaction is over). It was found that aerodynamic

moment production late in the removal process for these cases is

dominated by pressures associated with outlet choking rather than

those associated with the sabot bow shock impingement. Two

effects then operate to produce more late time interaction moment

for cases without the pivot ring present. First, at a fixed time,

the axial position of the sabot is further back on the projectile
for no pivot cases since the sabot axial motion is uncontrained with-

out the pivot ring. This means that the relatively high pressures

associated with outlet choking tend to have larger moment arms

(about the projectile c.g.) for torque production. Second, the

lateral motions for sabots with the pivot rina present are larger

(note Y c's for cases D-0.08 and D-0.16 at Z 20 ft.). This(nt cg

results in earlier unchoking of the outlet. Thus, when the sabot

with pivot present reaches the same axial station as reached by

the no pivot case at an earlier time it has developed an unchoked

outlet with reduced pressures and pitch moment production.

4.3 DESIGN OPTIMIZATION FOR WINGED SABOT CONCEPT

Af\ r",- nted sabot winglets cpn be provided to obtain added

lift by extension of the sabot segment lateral edges. (13)

1 'Table 3A presents the variations in front scoop/bore-rider geometry

.d winglet configuration considered. Note that all winged sabot
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cases were computed without pivot rings present. Table 3B

presents correspondinq performance results while Figure 6 presents

Sthe corresponding sabot trailing edge trajectories. Based on these

* !results, we conclude that the 3-A design is "best" because it

?roduces somewhat lower values of pitch moment impulse potential

* •while providing a somewhat larger minimum fin clearance (in the

* 1I fin root zone) than does the next best 1-A design. Designs 1-C,

* 2 (A, B, C) can be eliminated because they all suffer from high

* probability of fin impact for the large fin case. Design 1-B

* . also appears to provide insufficient fin clearance in the fin

root zone. Design 3-C (no winglet) has small levels of clearance

(about 0.01 ft.) in the mid fin zone for the large fin case.

However, it appears to be a possible choice for use with the

slender fin projectile design.

Careful inspection of the results indicates that we

desire an initial pitching moment from the front scoop. This is

needed to provide a choked flow outlet situation which produces

gher pressures and more effective lift production on the winglets.

en we need to balance this scoop pitching moment (and axial

:rce) with a counter pitch moment on the winglets for maximum

ift production and rapid lateral lift off to clear the projectile

I Lns. After we have achieved sufficient lateral velocity to ensure

Ln clearance, it is desirable -to continue pitching up and de-

Alerating. This occurs naturally for the winged sabot designs since

*' s the lateral clearance of the sabot trailing edge increases, the

utlet zone gap flow eventually unchokes and the winglet counter

.. moment drops off. Note that: (i) without an effective scoop

(designs 2 (ABC)) we do not achieve outlet zone choking and effective

qinglet lift production and (ii) without effective winglets (designs

I (B, C)) we do not achieve sufficient early time lift for fin

Qlearance.

Table 4 presents comparative results illustrating the performance

,S "lenefits that can be obtained by using light weight advanced

,astic composite materials in sabot construction. A 50% reduction

pitching moment perturbing impulse potential is achieved be-

identical sabot motion occurs in 50% less interaction time

1 -22-
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4.4 SABOT DESIGN PRACTICES

This section summarizes the design practices which appear to

result in minimum discard dynamic motion perturbations.

(i) Aft CG location - Providing a mass distribution which

ocates the sabot c.g. as far aft as possible helps to minimize

* induced reactive forces on the projectile during the initial

stages of discard where mechanical interaction forces are

important.

(ii) Long/mid-positioned bore-rider - Providing a relatively

long bore rider and locating it about midway back to the obturator

helps to produce the most desirable pitch moment distribution.

* iShorter or more rearward mounted bore riders produce less pitch

moment which results in less early time lift (primarily provided by

outlet zone choking). The resultant motion is too axiFll, airected,

resulting in high fin impact probabilities. A long/forward

mounted configuration produces too much early time pitch which

causes large mechanical interaction forces. Also

I -e rider location causes a stronger sabot bow shock geometry

.h correspondingly high shock impingement pressures on the pro-
-tile surface. We suggest that the lower ramp always extend

wrward of the scoop face shock layer.

(iii) No Pivot Rings -The presence of pivot rinas leads
enhanced mechanical interaction effects. Significant

ojectile slowdown can even result for cases where large axial

S ,rco components are present. Aft mounted sabot winglets and the

so of light weight sabot materials show promise for achieving

ittractive pivot-ring-less designs.

.• (iv) Maximum Number of Sabot Segments - Using more than three sabot
eaments has been shown to be beneficial on aper segment basis be-

.ause bore-rider force components are more aligned with each petal's

,,tch plane. Benefits also accrue on an overall basis because each
segment has lower perturbing pitching moment impulse potential.

"iplying less capability for dispersive force production during

ctual asymmetric discard.

-26-



-S 5.0 CONCLUSIONS AND RECOMMENDATIONS

An engineering analysis procedure which describes the sabot

discard process for gun-launched projectiles has been employed to

"* perform a sabot design optimization study. Sabot design optimization

T' was based upon a figure of merit related to the pitching moment

S.produced on the projectile while simultaneously precluding the

possibility of sabot impact upon the projectile stabilizing fins.

The use of novel winged sabot concepts and/or the use of light

weight materials have been found to show promise for providing

the desired sabot discard motions. Finally, design practices

resulting in optimum sabot configurations have been identified.

Further development of this tool should focus upon extending

the analysis capability to treat the actual asymmetric discard

situation. This requires development of interaction flow modeling

(perhaps based on experiments) for yawed and/or rolled sabot

components and modeling applicable to sabot petal/projectile

stabilizing fin interactions. Sabot performance and design

optimization would then be assessed by using statistical initial

condition populations (representing tip-off, roll and elastic

decompression effects) to obtain statistical projectile motions in

the manner currently employed to assess impact dispersion for

strategic reentry systems. (14)

*
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